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ON THE PROPAGATION OF PWERFUL RADIOWAVES 

IN T B  IONOSPBERE* 

Isv. Vyssh. Uch. Zavedeniy, 
Radiof i a i k a ,  
Tom 7, No. 6 ,  1041 - 1048, 
Ixd.Gorlkovskogo Univers i te ta ,  1964 

by E, I, Ginzburg 

The propagation of powerful radiowaves i n  the  lower ionosphere 
is considered. Formulae a r e  obtained f o r  the amplitude of wave f i e l d  
i n t e n s i t y ,  as i t  penet ra tes  i n t o  the feebly-ionized plasma. 

* * *  

The question of fgauto-reactionll  of powerful radiowaves i n  the 

ionosphere waa worked out  i n  d e t a i l  i n  Gurevich works [l, 2) on the  b a s i s  
of j o i n t  considerat ion of t h e  j o i n t  so lu t ion  of nonlinear  wave equation 
i n  the geometric o p t i c s  apyroximation and of "elementary theory" expres- 
s ions  for t h e  p e r m i t t i v i t y  & and conduct ivi ty  d o f  the plasma. The auto- 
r e a c t i o n  f a c t o r  l e a d s  then,  as a r u l e ,  t o  the necess i ty  of numerical 

i n t eg ra t ion .  We s h a l l  pause below at  fu r the r  l eng th  on the  quest ion of pro- 
pagat ion of such waves in the lower ionosphere, whose f i e l d  s t r eng th  
exceeds s i g n i f i c a n t l y  a ce r t a in  c h a r a c t e r i s t i c  plasma f i e l d  Ep 

b 

see  [3] ). 

I. - INITIAL CORRELATIONS A 
From the system of Maxwellian equat ions we ob ta in  in the  usual 

f a sh ion  t h e  equat ion f o r  the  e l e c t r i c  f i e l d  of the  wave: 

* K voprosu o r a s p r o s t r w e n i i  s i l 'nykh radiovoln v ionosfere  
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In  the  equation ( l ) , t h , ?  t o t a l  current  vector is 

It  = e J vfU. r .  w)do, (2) 

where e is the  charge of the electron,  f (t ,  r ,  0') is the  d i s t r i b u t i o n  
funct ion of e lec t rons ,  s a t i s fy ing  the Boltzmann equation. 

For the radioband i n  the ionosphere, the  t i m e  tF - 1 / w 9  during 
which the wave f i e l d  v a r i e s  subs t an t i a l ly ,  is, as a ru l e ,  much l e s s e r  
than the  re laxa t ion  time of e lec t ron  energy z p -  1/Sv (here  J is the  
c o l l i s i o n  frequency of the e lec t ron  with heavy plasma p a r t i c l e s ,  6 is 

the f r a c t i o n  of e l ec t ron  energy l o s t  by it during one co l l i s ion ) .  Thie 
means t h a t  the  medium's parameterdoesmt have the  time t o  vary a8 r ap id ly  
as does the wave f i e l d .  The d i s t r i b u t i o n  funct ion sett les a t  a c e r t a i n  
value of fo, 
are  small  ( of the order  of 8 and ? j v h ) .  

independent from the t ine,  of which the de f l ec t ion  amplitudes 

For a feebly-ionized uriform plasna, t h a t  is f o r  a plasma, where 
the c o l l i s i o n  frequency of the e l ec t ron  is mainly determined by c o l l i s i o n s  

with molecules, we may wr i t e  fo r  the fo d i s t r i b u t i o n  funct ion i n  the pre- 
sence of a high-frequency f i e l d  E=En@" ( see  [ k ] )  : 

Cl 

NLV dv 
RT + (e/3d) Re(€* u) 

Here C i s  the normalization constant,  k is the Boltzmann con- 
s t a n t ,  T is the temperature of plasma's heavy p a r t i c l e s ,  m is t h e  m a s s  
of the e l ec t ron ,  u is the directed motion ve loc i ty  of e lec t rons ,  deter-  
mined by the  equation 

wbere H'is the constant magnetic f i e l d  of the Earth. 
A t  a r b i t r a r y  polar iza t ion  of the f i e l d  E, we obta in  by its expan- 

s ion  along th ree  bas ic  polar iza t ion  d i r ec t ions  : 

where E U  is  the plane polarized f i e l d  with Ell IIHO, E + .  E ;  are f i e l d s  
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c i r c u l a r l y  polarized i n  a plane perpendiculzr t o  Hot and r o t a t i n g  
i n  a d i r e c t i o n  coinciding (-) .>ail (+) opposite t o  the d i r e c t i o n  of 
e lec t ron  r o t a t i o n  i n  the magnetic f i e l d ,  
For a given po la r i za t ion  of the f i e l d ,  the expression 

" H =  lelnO/mc is the  gyrofrequency. 

i n  which x = v/$,  $z = kT/m is va l id  f o r  fo . For the case of po la r i za t ion  
i n  a p h n e  yergendicular t o  

f o r  the c x e  of plane polar ized f i e l d ,  'f2 w i l l  decrease by a f a c t o r  of 2 
and q2 w i l l  become equal t o  unity. 

When wr i t i ng  the cor re la t ion  ( 6 ) ,  i t  w a s  taken i n t o  account t h a t  

i n  the  lower ionosphere 
V(V) - Z U ' N , V ,  x 0' = 4,4.1()- 16 

(here  Nm is the concentration of molecules). The func t ion  of l o s s e s  8 (u') 

f o r  the  lower ionosphere may be considered as approximately constant  and 
equal  t o  1.6 10.3 ( see  C51). 

Effec t ing  the  in tegra t ion  in ( 6 ) ,  we obta in  

xz -42 
a2x2 ) 

X exp { - 51 . ( 8 ) 
'pg + Y 2  

It follows from t h i s  expression, t h a t  on the condition 

T* >> Y2 ( 9  1 
(which is equivalent t o  the condition 
d i s t r i b u t i o n  funct ion i n  the form 

E >> &,,) the  representa t ion  of t he  

is q u i t e  admissible through v e l o c i t i e s  v 4 pyla 

The brought up value of fo can be appl ied with s u f f i c i e n t  preci-  
s ion  f o r  the problems, where quan t i t i e s ,  averaged by the  e n t i r e  range of 
v e l o c i t i e s  a re  considered.  
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Indeed, considering the d i s t r i b u t i o n  funct ion ( l o ) ,  we no t i ce  t h a t  i t  is 
e s s e n t i a l l y  d i f f e r e n t  from zero i n  the ve loc i ty  range from 0 t o  %= xcf , 
where 

f o r  v e l o c i t i e s  'u > T, the d i s t r i b u t i o n  funct ion sharp ly  (exponent ia l ly)  
drops. But a t  condition (91,  the l i m i t  v e loc i ty  'v, = .,e, t o  which 
the  representa t ion  of f, i n  the form (10) is st i l l  va l id ,  i s  s u b s t a n t i a l l y  
g rea t e r  than dc. 

Inasmuch as u and fo i n  (1)  depend on E, the  equation (1) is a 
nonl inear  i n t eg ro -d i f f e ren t i a l  equation r e l a t i v e  t o  wave's e l e c t r i c  f i e l d  
s t rength ,  I n  the  general  case the parameters o f  the  medium depend on time, 
by the s t r eng th  of what 
with the frequency 0.  However, i n  the first approximation re la t ive  t o  8 
and & v / ~ ~  , the  m a i n  harmonic of the e l e c t r i c  f i e l d  E, s a t i s f y i n g  the equa- 
t i o n  (l),may be separated,  but with the  e s s e n t i a l  d i f fe rence  t h a t  fo in 
the expression f o r  3, depends only on amplitude of E ( see  [2]>. The 
overtones of the f i e l d  E have an amplitude of the order -. 

overtones w i l l  occur a t  propagation of a wave 

6 V  

U) 

We s h a l l  l i m i t  ourselves i n  the following t o  considerat ion of 
p a r t i c u l a r  cases of wave po la r i za t ion :  

a )  a plane polar ized wave with a vector of E, coinciding i n  d i r ec t -  
axis 2 . l - P ) ;  

b) a c i r c u l a r l y  polarized wave i n  a plane, perpendicular t o  Ho 
i on  with the constant magnetic f i e l d  HO ( t ransverse  propagation, 

( l ong i tud ina l  propagation, axis 211 HO). In  the las t  case, the propaga- 
t i o n  of an ordinary and extraordinary wave w i l l  be considered separa te ly ,  

I n  these cases the system ( 1 )  is reduced t o  a s ing le  equation 

with the boundary condition 

Here t ' ( ] E l , z )  = E - i 4 ~ a / t o  = (12 - i x ) 2  is  the  complex d i e l e c t r i c  constant,  n is 
the index of r e f r ac t ion ,  X is the ind ica to r  of absorption (absorpt ion 

coe f f i c i en t  1 . 

E (2; = 0) = Eo ( z = 0 is the  plasma boundary) . 
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U t i l i z i n g  the cor re la t ion  (see [33) 

W 

m we ob ta in  f o r  L* 

where N is the concentration of e lec t rons ,  002 = 4 5 ; e a N / m  is the  plasma 
frequency. U t i l i z i n g  the d i s t r i b u t i o n  funct ion ( l o ) ,  the expression (14) 
may be somewhat s b p l i f i e d :  

I f  the proper t ies  of the  medium vary s u f f i c i e n t l y  slowly, t he  
so lu t ion  of the equation (12) in the  geometric o p t i c s  approximation can 

be w r i t t e n  : 

Here we l imi t ed  ourselves  t o  the  weve propagating along the  a i 8  5* 

B e s i d e s  the  standard condition of geometric o p t i c s  approximation (see [ 6 ] )  

t. ds' -<< 1 
4 ~ ( ~ ' ) 3 1 *  dz 

in the case of propagation of a powerful wave the  condition x/n<(l ,  m u s t  
be s a t i s f i ed ,  t h a t  is, the  amplitude of the  f i e l d  E must vary l i t t l e  on 
the  wavelength . 

E '  ( IE\, a )  It should be noted also, t h a t  f o r  the computation of 
the  d i s t r i b u t i o n  funct ion f o r  which is the solution of the  k i n e t i c  equa- 
t i on  f o r  a uniform plasma, was u t i l i zed .  When consider ing an inhomogenous 
medium. i t  is assumed t h a t  t h e  proper t ies  of the medium are loca l ized ,  
t h a t  is, the  densi ty  of the current & a t  the  given point  is determined 
by t h e  f i e l d  a t  the  same point.  For the  case of in tense  f i e l d s  t h i s  I s  

va l id ,  yrovided the amplitude of the field v a r i e s  l i t t l e  over t h e  length  
of r e l axa t ion  f o r  the  energy 

of the  e l e c t r o n  i n  the plasma). 
i/fl ( I  being the length  of the f r e e  path 
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2. - "AUTO-RZACTION" EFFECT OF A P0W"UL WAVE 

Explo i t ing  the  circumstance, t h a t  E' ( I El , z)  depends only on lEl , 
we have from the  equation (16) for t he  f i e l d  amplitude 

Here we neglected the  inf luence of the  m u l t i p l i e r  on absorption. 
The methods of numerical i n t eg ra t ion  of t he  equat ion (17) are developed in 
t he  re ference  [l]. However, two boundary condi t ions can be out l ined ,  f o r  
which t h i s  equation has a so lu t ion  in an e x p l i c i t  form 

( Cc 

This case i s  comparatively e a s i l y  r e a l i z e d  f o r  t he  extraordinary wave i n  
the  frequencies  
in t h i s  case the  gyroresonance condi t ion de facto.  For the  ordinary wave 
and i n  czse of t ransverse  propagation, t he  observance of condi t ion (18) 
makes high f i e l d  i n t e n s i t i e s  p re requ i s i t e ,  and so much the  g r e a t e r  t h a t  t h e  
wave frequency is  higher. .It t he  same time, i t  should be borne in mind t h a t  
i n  the  case when the  main r o l e  is  played by c o l l i s i o n s  with molecules, t h e  

fol lowing condition should be s a t i s f i e d  E41 

C U ,  c lose  t o  UH; a t  t he  same time, t he  condi t ion (18) is 

For the  d i s t r i b u t i o n  funct ion we mzy write 

S u b s t i t u t i n g  (20) i n t o  the expression f o r  the  coiiiplex d i e l e c t r i c  constant  

Hence, i t  follows t h a t  i n  the  considered case the  condi t ion of geometric 
approximation i s  d is rupted  i n  the region, where the imaginary part  of t h e  
expression (21) is of the  order of t he  unity ( a t  t he  same time the  condi t ion 
Of geometrical  o p t i c s  approximation's a p p l i c a b i l i t y  f o r  a powerful wave I s  

dis rupted) .  
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Below the r e f l e c t i o n  region, t h a t  is at 0,68 ( ; ~ ) - . 1 / 2 ~ ~ ( ~ - 2  (< 1, t h e  

absorpt ion f a c t o r  and the  r e f r a c t i v e  index have the  form 

This case is e a s i l y  r ea l i zed  f o r  f requencies  u) :> (I". At H(,, ;;3 
the  condition (23) is poorly observed i n  the  lower pa r t  of the  ionosphere. 
It is c l e a r ,  t h a t  f o r  the  extraordinary wave t h e  condition (23) is not  
f u l f i l l e d  at w - '')H In  the considered case 

(25) 

The r e f l e c t i o n  region is cleterlnined by the condition yw'  .- 1 . 
Below i t ,  t h a t  is a t  ,,;/~d ,: 1,  the  r e f r a c t i v e  index and the  absorption 
f a c t o r  are 

As already noted above, t he  so lu t ion  of the  equation (17) may be 
wr i t t en  i n  an e x p l i c i t  form i n  the two considered boundary cases. To t h a t  
e f f e c t  we s h a l l  take advantage of the circumstance, t h a t  t he  dependence of  

3c on 7' has the form 

x = y(z)y?, (27) 

where ?( 2) = 0,34 OI;(U- a,- ' /* , y = -1/2 f o r  the first c u e  (181, and 
.+(z) -r- (~$i/co'y~'~ y = 1 f o r  the second case (23). 

For the  dependence of x on r of the form (27) the so lu t ion  of 
t he  equation (17) is 
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I n  the f i r s t  boundary condition 

and i n  thesecond one 

(29) 

Note, t h a t  the  representat ion of the  so lu t ion  of the equation (17) 
in the  form (291, (301, t h a t  through a dimensionless parameter r, is only 
possible  f o r  a constaxit value of p along the path of wave propagation, 
In  the  opposite case i t  is necessary t o  rewr i te  the  co r re l a t ion  (28) d i r e c t l y  
f o r  t he  wave anpl i tude : 

For radiowaves of s u f f i c i e n t l y  low frequencies ( t h e  condition 
b / w < <  1 being observed) the  appl icat ion of the obtained co r re l a t ions  f o r  
the ca l cu la t ion  of wave damping is l inked  w i t h  t he  requirement o f  jo in ing  

them in a c e r t a i n  t r a n s i t i o n a l  region. For l o w  ionosphere he ights  the f u l -  
f i l lmen t  of the  boundary condition (18) is not only possible  for the  ex t r a -  
ordinary wave with a frequency near the gyrofrequency, bu t  a l s o  f o r  t he  
ordinary wave and also in the case of t ransverse  propagation of the wave. 
Ls i t  Denetrates the ionosphere -fix drops and, beginning from certain 
he ights ,  t he  second boundary condition becomes workable (23). 

The est imates ,  using d i r e c t l y  the d i s t r i b u t i o n  function ( l o ) ,  
i nd ica t e  t h a t  the jo in ing  introduces the  l e a s t  of e r r o r s  in the region 
where ~2 h. $*, 

an inaccuracy of the order of 2 5 t 3 0  percent 
is  s u f f i c i e n t l y  l a rge ,  the discrepancy may be grea ter  because of e r r o r  
accruing. However, i t  nay be shown by using the expression ( l l ) ,  t h a t  t he  
t r a n s i t i o n a l  region is of the order of s e v e r a l  wavelengths (in any case f o r  
the values of r and Q i n  Fig. 1). The r e l a t i v e  e r r o r  r(Z)at u t i l i z a t i o n  of 
( 3 0 )  ( a t  the  expense i n  the determination of To i n  the t r a n s i t i o n a l  region 

remains approximately constant a6 the  wave penet ra tes  I n t o  the  plasma: 

when the  u t i l i z a t i o n  of cor re l a t ions  ( 2 9 )  - (30) provieds 
I f  the t r a n s i t i o n a l  region 

0 .A* 
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For the s p e c i f i c  model of the ionosphere represented in Table 1 
( d a t a  borrowed from c73) the dependence E (I;) w a s  computed f o r  varioue 
frequencies.  

T A B L E  1 

The r e s u l t s  of computations axe p l o t t e d  i n  Fig.1. The s o l i d  lines 
refer t o  the ordinary wave (curves 1, 2 ,  3, 4 correspond t o  f requencies  

wH, 2w,, 5 w H ,  low,) ,  the dashed l i n e s  r e f e r  t o  the extraordinary wave ( fre- 
quencies on, ~II),,, ~OCU,), respond t o  curves l', 3', 4'). For waves of any fre- 
quency the i n t e n s i t y  of the f i e l d  

same . EO at plzsnn boundary is chosen the 

Fig. 1. Vave f i e l d  Lunplitude dependence E (a) 

Analysing the cor re la t ions  ( 2 9 ) -  (30) and the curve8 of Fig.l, 
we may reach the following conclusions : 

1 )  A t  the  condi t ion ' p 2 < p  the frequency dependence of abeorption 
is very weakly expressed; for the ordinary and extraordinary wave6 t h e r e  
takes place a pecul ia r  degeneration - they d i f f e r  only by p o l a r i t a t i o n  
(opposi te  r o t a t i o n  of the f i e l d  vector) .  
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2) A t  the same condition ' p 2 > y a  , the pene t ra t ing  capab i l i t y  

Wb of the wave ( r a t i o  EDo) increases  
with the  r i s e  of Eo. w+ v,. 

3 )  A t  the  condition ya<<ya 

the  pene t ra t ing  capab i i i t y  of the 
wave drops with the  increase of E 

but increases  with r i s e  of frequency 

(see Fig. 2 ) .  

0 

0 c z o a i o j o s o ~  
4) k L t  the  very same condi- 

t i o n  y z > p ,  , t h a t  is when the  f re -  Fig. 2. - Schenatic curves of E D  
cuency dependence of wave absorp- 
t i o n  is exrressed s u f f i c i e n t l y  c lear-  

dependence on Eo f o r  2 cases : 0 

1) 'fz > (ciirves 1, 2 ,  3 ,  4, the  f re -  
cuencies being ind ica ted  curves) ,  

(curve 5). l v ,  the curves of Fig. 1 confirm a l s o  2) 'p' < Ya 

such usual  consequence of radiowave 
propagation a6 are the sharper  character  of the absorption of the extra- 
ordinary wave by comparison w i t h  the  ordinary one, the  decrease i n  wave 
absorption and i n  the  d i f fe rence  i n  the propagation of ordinary and extra- 
ordinary waves with the  increase of frequency. 

I n  conclusion, t h e  author exi!resses h i s  deep g ra t i t ude  t o  I. M. 

Vi lenskiy fo r  discussinp; the current  work, t h e  valuable comments and 

remarks, and a l s o  t o  0. I.!. Grkkov for  conuucting computations and construct-  
i n g  the  graphs. 
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